The influence of transition activity on dynamic power dissipation is analysed by examining three components: dissipation in combinational logic, jlipjlops and clock line. Transition activity is analysed by making a distinction beween useful transitions and glitches (useless transitions). A transition counting and parity evaluation method is used for this.
Introduction
As battery powered products using integrated circuits become more important, severe constraints are imposed on the power that may be consumed by these circuits. Apart from this, the integration of an increasing number of transistors on a single chip can lead to areas of excessive power dissipation which can cause reliability problems. Furthermore excessive power dissipation leads to IC-packaging problems. These considerations reveal the need for a reduction in power dissipation of integrated circuits.
Several actions at different levels of the design can be taken to reduce power dissipation in CMOS integrated circuits [l]. Our research focuses on gate level architectures for synchronous static CMOS circuits. Glitches can occur in these circuits, leading to unnecessary power dissipation.
Other research [2] [3] [4] shows that the number of transitions can be counted and used to obtain a circuit performance measure regarding power dissipation. It further shows that the reduction of glitches helps to obtain a significant decrease in power dissipation.
In our work a new transition counting method is used in which a distinction is made between useful transitions and glitches. First we analysed the large impact of glitches on transition activity using probability calculations on a ripple carry adder. Next we investigated the influence of delay imbalance in circuit architectures on the number of glitches. This was done using unit delay gate level simulations on different multiplier architectures.
Layout level simulations were carried out on a typical video processing unit. The effect of introducing flipflops (by using retiming) to reduce the amount of glitches was investigated using these simulations. For this purpose dynamic power dissipation was examined by dividing it in three components: dissipation in the combinational logic, in the flipflops and in the clock line.
After some preliminary remarks regarding transition activity and power dissipation our methods and results are presented. Finally our conclusions will be given.
Transition activity and power dissipation
We will refer to a signal change in a circuit node from logic level 0 to logic level 1 or vice versa as a signal transition. A signal change from 0 to 1 will be termed apowerconsuming transition, because in this case the loading capacitance will be charged directly from the supply and therefore power from the supply is consumed by the circuit. This can be seen from Figure 1 where the effect of a transition in an arbitrary circuit node is depicted.
'I, A transition can be either useful or useless. A transition is termed useful when it is needed to ensure the correct functional behaviour of the architecture being used. Otherwise it is termed useless. Whether a transition is useful or useless depends on other possible transitions in the same clock cycle. This will be further explained in section 3.3. Two consecutive useless transitions constitute a glitch. Figure 2 shows an arbitrary binary signal exhibiting these different forms of transitions.
In equation 1 the dynamic power dissipation in CMOS is given as a function of the probability of a power-consuming transition pt , load capacitance C l d , supply voltage V , and clock frequency5
In static CMOS the dynamic power dissipation dominates the total power dissipation. From 1 it is clear that the dynamic power dissipation is linearly dependent on the number of power-consuming signal transitions and consequently on the number of glitches. 
*

Probability analysis of transition activity
To gain a first insight in the problem of glitches in logic circuits, transition activity in a ripple carry adder was analysed using probability calculations. An N-bit ripple carry adder consists of N cascaded full adders (see Figure 3) . When the inputs change, full adder FA, will introduce a delay in the calculation of sum bit So and carry out bit C,. Thus full adder FA, will first compute its sum S1 and carry out C, using the new input bits A, and B, as well as the old carry input C, of the previous addition. After this C1 will reach its new value and full adder FA, will perform another calculation with this new value. This means that two transitions can occur in S1 and C, within a single clock cycle.
Similarly it can be found that in total three transitions can occur in S2 and C , . In general we find that i+Z transitions can occur in Si and Ci+, of full adder FA; within a single clock period. This means that in a worst case situation N transitions occur in SN-1 and CN.
Worst case number of transitions
The worst case situation is only possible if CN has the values 0,1,0,1, ... 
Average number of transitions for random inputs
We have calculated the average number of transitions per clock period appearing in a signal Xi. We call this figure the average transition ratio TR(Xi).
Arithmetic circuits, like multipliers and adders, are often used in a multiplexed environment. Due to this multiplexing the original signal statistics and correlations are lost, and randomly distributed input signals arrive at the inputs of the arithmetic circuits. Furthermore source coding is often applied to signals that are fed as inputs to arithmetic circuits. Source coding also results in almost complete loss of signal correlation. Under those conditions assuming random inputs gives a good approximation of a practical situation in which these arithmetic circuits are used.
In [5] we show that for random inputs the average transition mtio TR(Ci+,) for carry out Ci+, of full adder FA, in a ripple carry adder is equal to:
The average transition ratio TR(SJ for sum Si of full adder FAi is equal to: done in Figure 5 for 4000 random inputs applied to a ripple
Average number of useful and useless transitions
A useful transition in a signal occurs when its final value which resulted from the previous addition differs from the value resulting f " the new addition. In other words, a useful transition occurs if the signal makes transitions Wl+ O+...+ l or Z+O+l+ ...+ 0 within a single clock cycle. From this observation the following properties of useful and useless transitions can be derived:
1. If the number of transitions a signal makes within one clock period is an odd number, this signal makes one useful transition. All extra transitions it makes are useless transitions.
If the number of transitions a signal makes within one
clock period is an even number, all these transitions are useless transitions. An example for this is given in Figure 4 . We used these two properties and probability calculations to determine the average useful transition ratios per clock cycle (UFTR(Xi)) and average useless transition ratios per clock cycle (ULTR(Xi)) [51. The following ratios were found:
stitutes a large part of the total number of transitions appearing in the circuit. For the ripple carry adder used with 4000 random inputs, a total number of 119002 transitions is found using equations 2 and 3 and summing the results for all sixteen sum and carry bits. Using equations 4, 5 , 6 and 7 it can be found that 63334 of these transitions are useful. The remaining 55668 transitions are useless transitions. In other words, the ratio of useless transitions to useful transitions LIF is equal to LIF = 55668163334 = 0.88. 
Multiplier architectures
Multipliers have functional properties that make it easy to introduce more or less delay unbalanced paths in their l l l i + l architecture. For example, a choice between an array archi- 2 2 4 (6) tecture and a wallace tree architecture can be made. These types of multiplier architectures were used as test cases to investigate the influence of delay imbalance on transition activity. Figure 6 shows the basic architecture of an 8x8 array multiplier for positive numbers. It is clear that many unbalanced delay paths exist in this type of architecture. 
If we multiply these ratios with the total number of clock cycles (or equivalently the total number of input stimuli) the average number of transitions, useful transitions, and useless transitions can be calculated. This is
shows the architecture of an 8x8 wallace tree multiplier.
This architecture has a much more balanced structure. Both multiplier architectures were simulated using unit delay modelling for the multiplier cells. This was done both for the 8x8 multipliers and their 16x16 equivalents. The results of our simulations using 500 random inputs are given in Table 1 . 
I
From this table it can be seen that the wallace tree multiplier has far less useless transitions and a much better useless/useful ratio than the array multiplier. The 16x16 wallace tree multiplier has more useful transitions than the 16x16 array multiplier due to its larger number of gates. However, the number of useless transitions in the 16x16 wallace tree is much smaller than in the 16x16 m y multiplier. It is clear that decreasing the number of unbalanced delay paths in the circuit architecture significantly reduces the number of useless transitions.
In practice the delay of the sum calculation in a full adder is about twice as large as the delay of the carry calculation. A more realistic unit delay modelling of the 8x8 multipliers was theRfore applied by defining the delay of the sum generation S,, in every full adder (in a multiplier cell) to be twice as large as the delay of the carry generation 6,-The same transition activity simulations were then carried out on these more accurate models and compared to the previously used unit delay models (which used equal sum and carry delays). The results of these simulations are shown in Table 2 . As expected because of the increased delay imbalance, the number of useless transitions is higher. This further deteriorates the useless/useful ratios.
The difference in the number of useless transitions appearing in the array multiplier compared to the number appearing in the wallace tree multiplier is still significant. 
Direction detector architecture
Transition activity simulations were also carried out on a processing unit for Phideo, known as a direction detector. A block diagram of a direction detector is shown in Figure 8 . The direction detector is used in the implementation of a so-called progressive scan conversion algorithm [61.
Random inputs are again a good choice for these transition activity simulations. The original video input signal statistics and correlations are almost completely lost very early in the circuit, immediately after the absolute differences are taken. In the rest of the circuit the signals will be more and more randomly dishibuted.
The direction detector was simulated using unit delay modelling and 4320 random inputs. The results of the transition activity simulation on the direction detector were as 
Influence of flipflops
Power dissipation is influenced by transition activity. However, equation 1 shows that loading capacitances of circuit nodes also play an important role. To be able to obtain accurate power dissipation results, circuit level simulations were carried out on extracted netlists of real circuit layouts. The goal of these simulations was to investigate the influence of extra flipflops in the circuit on power dissipation. Flipflops can be used to improve delay balance in a circuit. In this way they help to reduce the amount of glitches and thus power dissipation in combinational logic. Figure 9 shows how the insertion of flipflops by using retiming [7] [8] affects the occurrence of glitches in a circuit. The flipflops inserted in the input lines just before the operation node make sure both inputs arrive at the same time. Therefore no glitches will appear at the output of the operation node.
The power dissipation simulation results were divided into three components:
1. dissipation in the combinational logic 2. dissipation in the flipflops 3. dissipation in the clock line This was done by simulating the circuit with a separate clock power supply and a main power supply feeding the rest of the circuit. Clock power dissipation and main power dissipation were measured separately. Flipflop power dissipation was calculated by multiplying the average power dissipation of a single flipflop, having 50% input transition activity', by the total number of flipflops in the circuit. Power dissipation in the combinational logic was then calculated by subtracting the flipflop power from the simulated main power dissipation. The power dissipation in the combinational logic reduces as the retiming frequency and consequently the number 1. It is realistic to assume that on average the input of a flipflop in the circuit is constant for about 50% of the time and changing for the rest of the time under nonnal circuit operation for random inputs. Using this 50% input transition activity figure the dynamic power dissipation of a single flipflop can be estimated using circuit level Simulation.
of flipflops in the circuit increases. A factor of 21.816.1 ~3 . 6 difference in logic power dissipation is found between circuits 1 and 4. This reduction comes from the dramatic decrease in the number of glitches when a large number of pipelining flipflops is inserted in the circuit.
Flipflop power dissipation increases with an increasing number of flipflops. As we stated before, this power dissipation figure was calculated and is linearly dependent on the number of flipflops.
The clock power dissipation is highly dependent on the load capacitance of the clock input. Because extra clock circuitry is necessary when more flipflops are inserted in the circuit, this capacitance will increase. This explains the fact that the clock power dissipation increases with an increasing number of flipflops. 
Figure 10 Power dissipation results as a function of
The total power dissipation plot exhibits a minimum for a certain number of flipflops. Since this number is dependent on the retiming frequency that was used, we find a retiming frequency which is optimal for power dissipation. Suppose the operating point of the original circuit lies to the left of this minimum in Figure 10 . Then, retiming the circuit for a higher throughput than necessary, while running it at the original clock frequency will result in lower power dissipation.
On the other hand, consider the case where the operating point of the original circuit lies to the right of the minimum in Figure 10 . Then, retiming the circuit for a lower throughput than necessary, lowering the clock frequency accordingly and putting two or more (sub)circuits in parallel may also result in lower power dissipation provided that the power consumed by the necessary extra multiplexing and control circuitry is low enough.
Conclusions
Glitches play an important role in excessive useless power dissipation. The ratio of useless transitions to useful transitions can be very large as we showed in our examples of adder, multiplier and processing unit architectures.
A significant reduction in power dissipation can be achieved if the amount of glitches is reduced. This can be done by balancing delay paths and/or by introducing flipflops in the circuit.
Flipflops can be introduced in the circuit by using retiming. By finding the right amount and positions of these pipelining flipflops an optimal total power dissipation can be obtained. This means that an optimum retiming for power dissipation exists.
